The ryanodine receptor is expressed in human pancreatic acinar cells and contributes to acinar cell injury.
release channel on the endoplasmic reticulum, as a modulator of these pathological signals. In the present study, we establish that the RyR is expressed in human acinar cells and mediates acinar cell injury. We obtained pancreatic tissue from cadaveric donors and identified isoforms of RyR1 and RyR2 by qPCR. Immunofluorescence staining of the pancreas showed that the RyR is localized to the basal region of the acinar cell. Furthermore, the presence of RyR was confirmed from isolated human acinar cells by tritiated ryanodine binding. To determine whether the RyR is functionally active, mouse or human acinar cells were loaded with the high-affinity Ca 2ϩ dye (Fluo-4 AM) and stimulated with taurolithocholic acid 3-sulfate (TLCS) (500 M) or carbachol (1 mM). Ryanodine (100 M) pretreatment reduced the magnitude of the Ca 2ϩ signal and the area under the curve. To determine the effect of RyR blockade on injury, human acinar cells were stimulated with pathological stimuli, the bile acid TLCS (500 M) or the muscarinic agonist carbachol (1 mM) in the presence or absence of the RyR inhibitor ryanodine. Ryanodine (100 M) caused an 81% and 47% reduction in acinar cell injury, respectively, as measured by lactate dehydrogenase leakage (P Ͻ 0.05). Taken together, these data establish that the RyR is expressed in human acinar cells and that it modulates acinar Ca 2ϩ signals and cell injury.
tritiated ryanodine binding; acinar cell; acinar cell injury; ryanodine receptor THE PANCREATIC ACINAR CELL is the main parenchymal cell of the exocrine pancreas and the site for the initiation of acute pancreatitis (13) . Cellular Ca 2ϩ homeostasis is governed by the interaction of several Ca 2ϩ transporters, including Ca 2ϩ release channels, pumps, and exchangers (3) . In the acinar cell, the initial rise in intracellular Ca 2ϩ concentration is dependent on the release of Ca 2ϩ from intracellular stores (58) . This process is predominantly controlled by two major Ca 2ϩ release channels present on the endoplasmic reticulum (ER): the inositol 1,4,5-trisphosphate receptor (IP3R) and the ryanodine receptor (RyR). The IP3R is activated by inositol 1,4,5-trisphosphate and is primarily localized to the apical region of acinar cells, where digestive enzymes are normally secreted (28) . The second major intracellular Ca 2ϩ release channel is the RyR, which has structural similarity to the IP3R (11) .
RyR Ca 2ϩ release in rodent pancreatic acinar cells was first implicated with the use of the RyR activator caffeine (57) . In these early studies, Wakui (26, 46) , vacuole formation (50), mitochondrial depolarization (46) , and acinar cell leakage (23) . In addition, various agonists have been shown to induce such outcomes in an RyR-dependent manner; they include cholecystokinin (24) , carbachol (24) , ethanol (16, 23) , fatty acid ethyl esters (17) , and bile acids (23) .
In mammals, although three RyR isoforms are transcribed from separate genes, they have remarkably similar biophysical properties and share ϳ70% homology (11) . RyR1 is the dominant Ca 2ϩ release channel in skeletal muscle (53) , RyR2 in cardiac muscle (35) , and RyR3 is primarily enriched in brain (20) . Cytosolic Ca 2ϩ is the most potent activator of the RyR, which makes the RyR a prototypic Ca 2ϩ -induced Ca 2ϩ -release (CICR) channel. Other activators include calmodulin (during low Ca 2ϩ concentrations) (1, 19, 54) , cyclic adenosine diphosphate ribose (37, 38, 60) , and caffeine (7, 24, 57) .
In this study, we sought to demonstrate the presence of RyR in human acinar cells and determine its role in cell injury. We found that 1) by qPCR, immunofluorescence, and [
3 H] ryanodine binding studies, the RyR is expressed in human acinar cells; 2) acinar cell Ca 2ϩ signals are modulated by the RyR; and 3) RyR inhibition attenuates acinar cell injury.
MATERIALS AND METHODS
Reagents and animals. All reagents were purchased from SigmaAldrich (St. Louis, MO) unless otherwise stated. Male Swiss Webster mice weighing 20 -25 g (Charles River, Wilmington, MA) were fed standard laboratory chow and given free access to water. All animal experiments were performed using a protocol approved by the University of Pittsburgh Institutional Animal Care and Use Committee, and the use of human pancreatic acinar cells from healthy cadaveric donors was approved by the Institutional Review Board.
RT-PCR. Total RNA was extracted and reverse transcribed from human pancreas using an RNeasy kit (Qiagen, Valencia, CA). RT-PCR was performed with SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen, San Diego, CA). The mix was supplemented with the following forward and reverse oligonucleotide primers specific for human RyR isoforms: hRyR1: (f) 5=-CAAGGTCCTGGA-CAAACATGGG-3=, (r) 5=-TCGCTCTTGTTGTAGAACTTGCGG-3=; hRyR2: (f) 5=-GAATCAGTGAATTACTTGGCATGG-3=, (r) 5=-TTGGTCTCTTAGTTCTCCAAAAGC-3=; hRyR3: (f) 5=-CCTTCG-CTATCAACTTCATCCTGC-3=, (r) 5=-TCTTCTACTGGGCTAAA-GTCAAGA-3=. The amplified products were electrophoresed on an agarose gel, stained with ethidium bromide, and visualized by UV illumination.
qRT-PCR. Total RNA from human skeletal muscle and human brain were purchased from Clontech (Mountain View, CA) and Biochain (Newark, CA), respectively. Total RNA from human heart In the human pancreatic acinar cell, the RyR is primarily distributed in the basal (ba) region but excluded from the apical (ap). An individual acinar cell is delineated by the dotted oval. A control section without primary antibody, but the same confocal microscopy settings, was used to gauge background labeling.
was a kind gift of Dr. Charles McTiernan (University of Pittsburgh). Human pancreatic acinar cell cDNA was obtained using the MACS mRNA isolation system (Miltenyi Biotec, San Diego, CA). Total RNA samples were used to generate cDNA using the iScript advanced cDNA synthesis kit (Bio-Rad, Hercules, CA). qRT-PCR was performed to determine the relative expression of RyR isoforms in human acinar cells compared with human skeletal muscle, human heart, and human brain samples. The primer pairs for each human RyR isoform as well as 18S rRNA control sample were obtained as part of the PrimePCR-PreAMP SYBR Green Assay (Bio-Rad). qRT-PCR reactions were carried out in 20-l volume reactions using the SsoAdvanced Universal Supermix SYBR Green system (Bio-Rad). The reactions contained 1ϫ SsoAdvanced Universal SYBR Green Supermix, 300 nM forward primer, 300 nM reverse primer, and 100 ng cDNA. qRT-PCR conditions were 95°C for 10 s and 60°C for 30 s for 35 cycles on a Bio-Rad CFX96 Touch thermocycler (Bio-Rad). Results for the expression of mRNA were normalized to expression of 18S rRNA and are represented relative to expression levels for each of the control groups.
Immunofluorescence. Sections from pancreas and skeletal muscle (used as a positive control) were fixed in cold acetone for 5 min and incubated with a rabbit polyclonal RyR antibody (1327) at a 1:25 dilution (kind gift of Dr. Andy Marks). Specimens were imaged on a Zeiss 510 laser-scanning confocal microscope.
Preparation of human acinar cells. Pancreatic tissue was harvested from human cadaveric donors as described by Bottino et al. (4) . Briefly, specimens were transported in cold preservation fluid (histidine-tryptophan-ketoglutarate) and had a minimum cold ischemia time of 12 h. Fat, connective tissue, and blood vessels were trimmed away. The pancreas was washed in a cocktail of antibiotics and then cut at the level of the neck to reveal the pancreatic duct. Catheters were placed in both sides of the transected duct, and a blend of exogenous enzymes, including collagenases and neutral proteases (Serva, Heidelberg, Germany), were freshly dissolved in Hanks's balanced saline solution prewarmed to 28 -30°C, and injected intraductally. The pancreas was then transferred to a Ricordi digestion chamber, and the tissue was mechanically disrupted, as described (48) . Pancreatic cells were washed several times in cold RPMI medium and supplemented with 2.5% human serum albumin. In this process, islets and ducts were separated by centrifugation, and the resultant cellular pool consisted primarily of acinar cells. Studies by Houbracken et al. (21) have shown that cells obtained using a similar isolation method are viable and display a distinct acinar cell phenotype and express multiple acinar cell markers including chymotrypsin, amylase, lipase, and carboxypeptidase within 1 day of cell culture, which was our time frame for usage of the cells.
Preparation of RyR-enriched microsomal fractions. We obtained RyR-enriched microsomal fractions using a modification of a protocol for ER fractions (6, 59) . Pancreatic tissues or mouse brain (used as a positive control) were excised and immediately placed in 7.5 times the volume of ice-cold homogenization buffer per weighted volume of tissue. Homogenization buffer contained 0.3 M sucrose, 10 mM HEPES-NaOH, 2 mM DTT, 1 mM benzamidine, 0.5 mM PMSF, 5 mM NaF, 1 mM NaVO4, and a protease inhibitor cocktail (1 tablet per 30 ml; Roche, Nutley, NJ). All subsequent steps were performed on ice or at 4°C. Using sterile scissors, the tissue was diced into small pieces and loaded into a 10-ml dounce homogenizer. After 15 strokes of homogenization, samples were sonicated at a 50% setting for a total of 2 min using 15-s bursts followed by a 5-s recovery. The tissue homogenate was then spun at 800 g for 5 min. The resulting supernatant was then removed and again spun at 12,000 g for 10 min. The resulting solid fraction, (called pellet no. 2, or P2) was used in subsequent experiments to examine ryanodine binding.
For lysis of isolated acinar cell preparations, cells were spun down at 800 g for 5 min. The supernatant was discarded, and the pelleted cells were resuspended in 10 times the volume of ice-cold homogenization buffer. The acinar cells were then sonicated on ice at a 50% setting for 4 min using 15-s bursts followed by a 10-s recovery. The resulting cell lysate was then used to obtain RyR-enriched microsomal fractions as described above. Western blots of the enriched fractions were probed with a pan-RyR antibody at a titer of 1:1,000 (34C; Iowa Hybridoma Bank, Iowa City, IA).
Ryanodine binding. Tritiated [ 3 H] ryanodine was purchased from Perkin Elmer (Boston, MA), and binding studies were performed as previously described (9, 25, 31) 
Cell injury assays. Acinar cell injury was measured using a cytotoxicity assay for lactate dehydrogenase (LDH) leakage (Promega, Madison, WI) as previously described (39) . Absorbance was measured at 492 nm. Results were expressed as a percentage of LDH released into the media.
Preparation of mouse pancreatic acini for Ca 2ϩ imaging. Groups of pancreatic acinar cells were isolated as previously described (24, 39) , with minor modifications. Briefly, the pancreas was removed and then minced for 5 min in buffer containing 20 mM HEPES (pH 7.4), 95 mM NaCl, 4.7 mM KCl, 0.6 mM MgCl2, 1.3 mM CaCl2, 10 mM glucose, and 2 mM glutamine, plus 1% BSA, 1ϫ MEM nonessential amino acids (GIBCO, Grand Island, NY), 200 U/ml type-4 collagenase (Worthington, Freehold, NJ), and 1 mg/ml soybean trypsin inhibitor. The tissue was incubated for 30 min at 37°C with shaking at 90 revolution/min. The digest was transferred to a 15-ml conical tube and washed with collagenase-free buffer. The suspension was vigorously shaken for 15-20 s to separate the cells into smaller clusters.
Detection and analysis of cellular Ca 2ϩ signals from mouse and human acini. Acinar cells were loaded at room temperature with the high-affinity Ca 2ϩ -sensing dye Fluo-4 AM (Kd ϭ 300 nM; Invitrogen). Acinar cells were plated on acid-washed glass coverslips and then mounted on a perfusion chamber. Thereupon, they were stimulated at room temperature with the bile acid taurolithocholic acid-3 sulfate (TLCS; 500 M) or the muscarinic agonist carbachol (1 mM) in the presence or absence of the RyR inhibitor ryanodine (100 M). A Zeiss LSM710 laser-scanning confocal microscope was used with a ϫ40, 1.4 numerical aperture objective. The dye was excited at 488-nm wavelength, and emission signals of Ͼ515 nm were collected every 2 s. Fluorescence from individual acinar cells was recorded. Analysis of recordings was performed using ImageJ software (NIH, Bethesda, MD), and mean fluorescence over time in each region was graphed.
Statistical analysis. Data were expressed as means Ϯ SD unless otherwise stated. Statistical analysis was performed using a Student's t-test. Statistical significance was defined as a P value Յ0.05.
RESULTS

RyR is expressed in the human pancreas.
Most studies have examined the role of the RyR in acinar pathobiology using rodent models (15, 18, (22) (23) (24) , but, to our knowledge, none have studied the RyR in human acinar cells. Using total RNA extracted from cadaveric pancreas specimens and RyR isoform-specific primers, we found that RyR1 and trace amounts of RyR2, but not RyR3, were expressed in the human pancreas (Fig. 1A) . Similar results were observed for RyR isoform expression by qPCR from acinar cells relative to expression of RyR in human skeletal muscle, human cardiac muscle, and human brain. Each qPCR reaction was normalized to the expression of 18S rRNA (Fig. 1B) . Among isoforms, by qPCR, RyR1 was most highly expressed (38% of skeletal muscle), followed by small amounts of RyR2 (0.5% of cardiac muscle), and RyR3 expression was negligible (0.001% of brain). By contrast, in mouse pancreas only the RyR1 gene transcript was identified (41) . In rat acini, however, RyR1, RyR2, and RyR3 have all been reported (12, 29) . We also show in human pancreas tissue that the RyR is distributed in the basal region of human pancreatic acinar cells (Fig. 1B) , which is consistent with both mouse and rat RyR distribution (12, 29, 41, 51) . In skeletal muscle (our positive control), RyRs are located at the triadic junction between sarcoplasmic reticulum terminal cisternae and sarcolemmal T-tubules, yielding a "striated" pattern (30) .
Enrichment for RyR in isolated microsomal fractions. RyR expression in nonexcitable cells is low compared with excitable cell types, such as skeletal muscle or brain (2) . To enrich for RyRs, we prepared microsomes from tissues and cells using a modified protocol (6, 59 ) that is outlined in MATERIALS AND METHODS and schematized in Fig. 2A . Importantly, the fraction also contains the ER-specific markers binding immunoglobin protein and calreticulin, as demonstrated by Williams and colleagues (6, 59) . Western blot analysis of mouse brain fractions (positive control) demonstrated that the RyR is enriched in the P2 fraction (Fig. 2, B and C) . We subsequently used this fraction for ryanodine-binding studies. Because there is much lower expression of RyRs in pancreas compared with brain, pancreatic fractions failed to yield a band (data not shown). RyR channel openings, whereas high concentrations (in the M range) lock the channel in a closed configuration (43). We utilized [ 3 H] ryanodine to confirm the presence of RyR in human acinar cells. Nonspecific binding was assessed by competition with excess amounts (40 M) of nonradioactive (cold) ryanodine. In purified microsomes from mouse brain, mouse pancreas, and human acinar cells, there was marked binding of ryanodine above background and a concentrationdependent increase in ryanodine binding (Fig. 3) .
The release was abrogated by RyR inhibition ( Fig. 4B ; P Ͻ 0.05). Importantly, similar experiments in human acinar cells demonstrated that the RyR is functionally active and regulates agonist-induced Ca 2ϩ release in humans. TLCS-induced amplitude and AUC were reduced by 33% and 45%, respectively ( Fig. 4C; P Ͻ 0.05) , and the carbachol-induced amplitude and AUC were reduced by 30% and 42%, respectively ( Fig. 4C ; P Ͻ 0.05). The data demonstrate that human acinar cell RyRs are functionally active, and they modulate pathological acinar cell Ca 2ϩ signals. The RyR modulates TLCS-and carbachol-induced human acinar cell injury. We have previously shown that RyRdependent Ca 2ϩ transients are necessary for both bile acid-and muscarinic agonist-induced cell injury (15, 23, 41, 42, 56) . To determine whether these findings translate to the human con- dition, live acinar cells were harvested from cadaveric donors and stimulated for 2 h with either TLCS or carbachol (Fig. 5) . Each of these agents caused a concentration-dependent increase in LDH leakage to a similar extent as previously reported in mouse acinar cells (23, 32-34, 44, 47) . A 30-min pretreatment with inhibitory concentrations of ryanodine (100 M) prevented cell injury with TLCS (500 M) by 81% (P Ͻ 0.05). With carbachol (1 mM), ryanodine reduced LDH leakage by 50%, but the results were not significant (P ϭ 0.059). The data corroborate in human acinar cells previous findings from rodent models that the RyR modulates acinar cell injury.
DISCUSSION
The three key findings of the current work are that the RyR 1) is expressed in human acinar cells and it modulates 2) acinar cell Ca 2ϩ signals and 3) cell injury. RyR isoforms are expressed in a wide range of tissues (27) . In skeletal muscle and myocardium, the predominant isoforms are RyR1 and RyR2, respectively, where they function to cause the Ca 2ϩ release that leads to the classic phenomenon of excitation-contraction coupling (10, 49) . In the brain, all three RyR isoforms are expressed and are involved in a variety of Ca 2ϩ -signaling processes including neurotransmitter release and synaptic transmission efficiency (14) .
RyR expression has also been detected in nonexcitable cells including the cells from the stomach, kidney, lung, and pancreas (27) . Pancreatic ␤-cells, which make up roughly 60% of islets, express both RyR2 and RyR3 (8, 52) . ␤-Cell RyR has been shown to play a role in the Ca 2ϩ -dependent exocytosis of insulin granules in response to increased glucose levels (5) . In acinar cells, although an initial report failed to see expression of RyRs in rat pancreatic acini by immunofluorescence (28) , several subsequent studies observed a nonapical distribution (12, 24, 29, 51) , and all three RyR isoforms were found to be expressed (12) . In mouse acinar cells, only RyR1 was expressed (41) . In the current study in human acinar cells, RyR1 and RyR2, but not RyR3, were expressed, which underscores species-related differences. Nonetheless, the distribution of RyR in human acinar cells was nonapical, as seen in murine pancreatic sections.
We used tritiated ryanodine to further verify the presence of RyR in human acinar cells. Ryanodine binds to all three RyR isoforms with high affinity (43) . Although there was marked ryanodine binding compared with negative controls, both mouse pancreatic tissue and human acinar cell microsomes had 45-50% less binding compared with brain samples. Similarly low levels of ryanodine binding have been reported in other epithelial cells or cell lines compared with excitable cells (2, 28) .
Physiological, low-amplitude, mostly oscillatory Ca 2ϩ signals in acinar cells regulate pancreatic enzyme secretion (45), but aberrantly high-amplitude, peak-plateau Ca 2ϩ signals are linked to intracellular protease activation (26, 46) , vacuole formation (50), mitochondrial depolarization (46) , and acinar cell leakage (23) . IP3Rs control both the physiological and pathological Ca 2ϩ signals, and they mediate both secretion and pathological events. RyRs, however, appear to amplify IP3R Ca 2ϩ release through CICR. They do not affect enzyme secretion (24, 36) , but they modulate injury attributable to cholecystokinin, carbachol, bile acids, and ethanol (16, 23, 24, 42) . Using a limited supply of viable human acinar cells, we observed that bile-acid-and carbachol-induced LDH leakage was modulated by the RyR.
To our knowledge, this is the first demonstration of RyR expression and function in the human pancreas. The findings suggest that the RyR may serve as a viable therapeutic target for pancreatic injury.
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